Neural Bases of Human Working Memory by Smith, Edward E.
Abstract
Working memory is the
memory system that allows us
to briefly keep information ac-
tive, often so we can operate on
it. Studies with rhesus mon-
keys first established that this
system is partly mediated by
neural mechanisms in the pre-
frontal cortex. Recently, there
has been a substantial effort to
study the neural bases of work-
ing memory in humans, using
neuroimaging techniques such
as positron emission tomogra-
phy and functional magnetic
resonance imaging. Some of
the initial neuroimaging stud-
ies with humans focused on
the neural mechanisms that
mediate our ability to keep
spatial information active.
These results indicated that hu-
man spatial working memory
is partly mediated by regions
in parietal and prefrontal cor-
tex. Subsequent research has
shown that a different neural
system is involved when
people store object (rather than
spatial) information, a differ-






Psychologists have long been
concerned with human working
memory, the kind of memory that
allows us to maintain information
briefly in an active state. Some-
times we keep information active
until we externalize it, as when we
hold onto a phone number until we
dial it; other times we keep infor-
mation active so we can operate on
it, as when we store the outcomes
of certain calculations while doing
an arithmetic problem “in our
heads” (e.g., Baddeley, 1992). Most
of the research on working mem-
ory has been carried out at the cog-
nitive level and has described
working memory in terms of its
functional properties. Recently,
though, researchers have been able
to study working memory at the
neural level as well as the cognitive
one, and this neurally based work
is the focus of the present article.
WORKING MEMORY IN
MONKEYS
A useful starting point is re-
search on working memory in
monkeys. In a set of influential ex-
periments, rhesus monkeys were
trained to store spatial information
for a brief time period. In one study
(Funahashi, Bruce, & Goldman-
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Rakic, 1989), the following se-
quence of events occurred on each
trial: First, a small target square
was presented briefly at one of
eight random locations. Second,
the square disappeared, and the
monkey had to remember its posi-
tion during a 2.5-s delay period. Fi-
nally, at the end of the delay pe-
riod, the monkey was cued to shift
its gaze to the position that the
square had occupied (and was re-
warded for doing so). While the
monkey was performing this task,
the experimenters recorded activ-
ity of individual neurons in various
regions of the brain, including the
frontal cortex (i.e., the most ante-
rior of the four lobes into which the
cortex is divided). These single-cell
recordings showed two major find-
ings:
● There were cells in a particular
region of the frontal cortex—
called the prefrontal cortex—
that were active only during the
delay period, when the animal
was storing the position of the
target square; presumably, these
neurons mediated the memory
of the target location.
● The neurons in question coded
relatively specific locations. That
is, there were neurons that had a
high firing rate when the target
appeared in a specific location,
but whose activity did not ex-
ceed baseline levels when the
target appeared in other spatial
locations. These neurons, then,
carried the memory of the target
locations. Other single-cell re-
cording studies have found such
memory cells in parietal cortex
(another one of the four lobes of
the cortex) as well as frontal cor-
tex (see Fuster, 1997).
The next major development
was a demonstration that when the
task required storage of object
rather than spatial information, dif-
ferent cells in the prefrontal cortex
were involved. In an experiment
using a paradigm similar to the one
just described (Wilson, O’Sca-
laidhe, & Goldman-Rakic, 1993),
monkeys were required to briefly
store either the location of a target
square or a nonspatial object such
as a visual pattern or a monkey’s
face; the former task requires spa-
tial working memory, the latter ne-
cessitates object working memory.
The spatial task led to increased
neuronal activation in the same re-
gion of prefrontal cortex as found
before, but the object task resulted
in heightened neural activity in a
region of prefrontal cortex that was
just below (or ventral to) the spatial
region. The object region contains
cells that fire only during the delay
period and code specific parts or
features of objects. The upshot of
this research is that our concept of
“memory,” which has traditionally
been somewhat abstract and char-
acterized in terms of functions, has
now been given a concrete realiza-
tion in terms of neurons.
SPATIAL WORKING
MEMORY IN HUMANS
The striking results with mon-
keys led to an effort to find the neu-
ral bases of comparable working
memory systems in humans. One
cannot record from individual neu-
rons in humans, so the research
with humans has used functional
neuroimaging, including both pos-
itron emission tomography (PET)
and functional magnetic resonance
imaging (fMRI). Both of these are
brain-scanning methods that allow
one to determine which neural re-
gions are active when participants
perform various tasks, thereby al-
lowing one to infer which neural
regions are mediating which cog-
nitive processes. In research on
working memory, a standard strat-
egy has been to image participants
while they perform a working
memory task, and also while they
perform a control task that pre-
sumably involves the same pro-
cesses as the memory task except
for the memory component. Ac-
cording to this subtraction strategy,
the difference between the results
for the two tasks reflects only
memory processes (Posner, Pe-
tersen, Fox, & Raichle, 1988).2
The earliest neuroimaging stud-
ies focused on spatial working
memory. The spatial memory task
used in one experiment (Jonides et
al., 1993) was based on the para-
digms used in the single-cell re-
search described earlier. The se-
quence of events on each trial of
the human task was as follows:
First, three randomly selected dots
were presented. Second, the dots
disappeared, and the participants
had to remember the locations dur-
ing a 3-s delay period. Finally, at
the end of the delay period, a single
outline circle (the location probe)
was presented, and participants
had to decide whether or not it en-
circled the location of one of the
target dots. This task clearly in-
volves spatial working memory,
but it also includes other pro-
cesses—such as encoding spatial
information and selecting and ex-
ecuting a response. To determine
the effects of these nonstorage pro-
cesses on the images, Jonides et al.
devised a control task that in-
cluded these processes but not stor-
age. In this task, the three dots
were again presented briefly, but
they remained in view while the
probe circle was presented. Again,
participants decided whether the
probe encircled one of the target lo-
cations, but their decisions could
be made perceptually without in-
volving memory.
Participants had their brains
scanned by PET while they per-
formed blocks of trials of the spa-
tial working memory task and
blocks of trials of the control task.
In PET studies, each task is associ-
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ated with a pattern of brain activa-
tion, which indirectly reflects the
activation of large groups of neu-
rons. In accordance with the sub-
traction strategy, the results for the
control task were subtracted from
the results for the memory task to
provide an estimate of the neural
areas that mediate spatial working
memory. This subtraction revealed
activations in a number of right-
hemisphere regions, including the
extrastriate occipital cortex, the
posterior parietal cortex, and the
premotor region of the frontal cor-
tex. These regions are presented
schematically in Figure 1.
How well do these activations
line up with the single-cell results
obtained with monkeys? (Such a
question is meaningful because
prior work has established detailed
correspondences between human
brains and the brains of rhesus
monkeys.) Recall that the monkey
results, like the human findings, re-
vealed heightened neural activa-
tion in parietal and frontal cortex.
But there are some discrepancies
between the two sets of data. One
is that only in humans does spatial
memory appear to be specialized,
or lateralized, to the right hemi-
sphere, which fits with the ten-
dency for the human brain to show
more lateralization of function than
do the brains of other primates
(e.g., Kolb & Whishaw, 1996). The
second difference between the
monkey and human data involves
activations in the frontal cortex. In
the monkey, spatial memory ap-
pears to be mediated by a specific
region in the dorsolateral prefron-
tal cortex, whereas in humans the
relevant frontal regions are supe-
rior (higher) and inferior (lower) to
this. Other early neuroimaging
studies of spatial working memory
in humans, however, obtained
frontal activations that were more
in line with the monkey research
(e.g., McCarthy et al., 1994). Given
this variability in results, it is help-





Recall that in the single-cell
studies with rhesus monkeys, one
of the critical findings was that spa-
tial and object working memory
were mediated by different regions
of the prefrontal cortex. Are spatial
and object working memory medi-
ated by different neural systems in
humans as well? And if so, how do
the different neural circuits corre-
spond to those found in monkeys?
A number of functional neu-
roimaging experiments have ad-
dressed these questions. Several of
these studies used an approach in
which the same set of visual forms
was presented for the spatial and
object memory tasks, and all that
varied was whether participants
were required to remember the po-
sitions of the forms (spatial work-
ing memory) or the identity of the
forms (object working memory). In
one illustrative fMRI study, three
target faces were presented se-
quentially in three different posi-
tions, followed by a probe face that
could appear in any of several po-
sitions. In the spatial task, partici-
pants decided whether the probe
matched any of the targets in posi-
tion; in the object task, they de-
cided whether the probe matched
any of the targets in identity. The
spatial task activated a region in
right-hemisphere premotor cortex
(one of the frontal regions reported
in Jonides et al., 1993); in contrast,
the object task activated regions in
right-hemisphere dorsolateral pre-
frontal cortex. Thus, spatial and ob-
ject working memory seem to re-
cruit different neural circuits in
humans, as they do in monkeys
(Courtney, Ungerleider, Keil, &
Haxby, 1997).
How do the human activation
sites line up with those in the mon-
key? In humans, the premotor area
is associated with spatial storage
Fig. 1. Schematic of the right side of the cortex, displaying the areas of greatest
interest within the frontal, parietal, and occipital lobes. The premotor region and all
areas that lie in front of it make up the prefrontal cortex. Also shown are the anterior-
posterior and dorsal-ventral directions, which are used in anatomical descriptions.
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and the dorsolateral area with ob-
ject storage, whereas in monkeys
the dorsolateral area is associated
with spatial storage. But there is a
broader point of agreement be-
tween the two sets of studies. For
humans as well as monkeys, the
frontal regions activated during
spatial storage are higher, or more
dorsal, than the regions activated
during object storage.
The latter conclusion is strength-
ened by a recent meta-analysis of
several functional neuroimaging
studies that compared spatial and
object working memory in humans
(Smith & Jonides, 1999). The out-
come is presented in Figure 2, with
black symbols designating activa-
tions in spatial memory tasks and
gray symbols designating activa-
tions in object memory tasks. There
is a notable dorsal-ventral differ-
ence between spatial and object
working memory tasks, with the
spatial activations being higher in
the cortex, including the prefrontal
cortex. The upshot, then, is that the
prefrontal cortex is at least partly
organized by the kind of material
that it has to store—spatial versus
object—for both humans and non-
human primates, though the exact




We know something, then,
about the neural regions involved
in the storage of spatial and object
information. But the storage of in-
formation is itself a complex pro-
cess, one that involves component
processes. In particular, it may in-
volve passively storing a rapidly
fading memory trace and refresh-
ing that trace by actively rehears-
ing it. In light of this distinction,
the question arises whether the ar-
eas activated in the studies summa-
rized here are mediating passive
storage or active rehearsal.
This question has been ad-
dressed only with spatial working
memory. One hypothesis is that re-
hearsing a spatial location in work-
ing memory involves selectively at-
tending to a representation of that
location (and recomputing its spa-
tial coordinates). This notion of re-
hearsal receives support from a
comparison of neuroimaging re-
sults obtained in studies of spatial
working memory and in studies of
selective attention (Awh & Jonides,
1997). The premotor area that is
consistently activated in spatial
working memory tasks is also rou-
tinely activated in tasks involving
selective attention. This region,
then, may be involved in spatial re-
hearsal. In contrast, two regions
that are activated in spatial work-
ing memory tasks but not in spatial
attention tasks are the posterior pa-
rietal region and the occipital area.
These regions may mediate the
passive storage component of spa-
tial working memory.
CONCLUSION
The memory studies with rhesus
monkeys have provided a useful
model for the study of spatial and
object working memory in hu-
mans. Using neuroimaging tech-
niques to determine what neural
areas are active during task perfor-
mance, researchers have estab-
lished that spatial and object work-
ing memory have different neural
bases in humans. The regions most
involved in spatial working mem-
ory tend to be dorsal to those in-
volved in object working memory.
In particular, the right-hemisphere
premotor region and posterior pa-
rietal region are consistently acti-
vated in studies of spatial but not
object working memory, whereas
more ventral regions are activated
in studies of object working
memory. Furthermore, there is
suggestive evidence that some of
the spatial areas—particularly the
premotor one—are mediating the
process of rehearsal.
Although this is a promising
Fig. 2. Schematic of the right side of the cortex, showing regions of activation for
spatial (black symbols) and object (gray symbols) working memory tasks in humans
(adapted from Smith & Jonides, 1999). The results are drawn from 11 different
experiments, with different symbols being used for different experiments. Not all the
activations occurred on the surface of the brain, so the schematic should be inter-
preted as a glass brain—as though one were looking through the brain from the side.
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start, we have only begun to under-
stand the neural bases of human
working memory. At a global level,
we do not know how many differ-
ent working memory systems there
are, nor how they interact with one
another. In addition to spatial and
object systems, there is evidence
for a verbal working memory (e.g.,
Smith & Jonides, 1999), but what
about other modalities? Are there,
for example, separate systems for
auditory and tactual information,
or for motor and semantic informa-
tion? At a more detailed level, we
do not understand how the spatial
and object systems are imple-
mented by neurons. For example,
we have evidence that spatial
working memory has separate neu-
ral components for passive storage
and rehearsal, with the right-
hemisphere premotor area being
part of the rehearsal circuit. But
this premotor area contains thou-
sands and thousands of neurons.
How are these neurons organized
so as to implement the function of
selectively attending to a stored
position? Questions like this are il-
lustrative of the next level of analy-
sis in the study of human working
memory.
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Notes
1. Address correspondence to Ed-
ward E. Smith, Department of Psychol-
ogy, University of Michigan, 525 East
University, Ann Arbor, MI 48109; e-
mail: eesmith@umich.edu.
2. Using PET, one determines
which neural regions are active by
monitoring the flow of a radioactive
tracer that has been injected into a par-
ticipant. Because changes in regional
neural activity are known to be accom-
panied by changes in the blood flow to
that region, the measured changes in
regional blood flow indicate regions of
changed neural activity. With regard to
fMRI measurements, the logic is more
complex. When increased neural activ-
ity leads to an increase in blood flow to
a region, not all the increased oxygen
brought by the blood to this region is
used, leading to a local increase in the
amount of oxygenated hemoglobin
and a decrease in the amount of deoxy-
genated hemoglobin. Changes in
deoxygenated hemoglobin can affect
the magnetic field inherent in the brain,
which affects the fMRI signal.
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